Introduction
============

According to a World Health Organization report, cancer is a leading cause of death worldwide, and it was estimated that 7.6 million people died from cancer in 2008, with metastases being the major cause of death.[@b1-ijn-7-3579] More than 100 distinct types of human cancer have been described, while subtypes of tumors can be found within specific organs, leading to the conclusion that cancer is a highly complex disease, both in time and space.[@b2-ijn-7-3579] Due to the heterogeneity of hitherto revealed mechanisms, the hypothesis has been put forward that each tumor is unique, and the spectrum of biological changes determining tumors is highly variable.[@b2-ijn-7-3579] The question arises as to whether major underlying mechanisms exist that could be addressed in diagnosis and treatment.

In this work, a basic (bio)physical mechanism of biological membrane configuration is explored. Lateral redistribution of membrane constituents is connected with an increase in membrane curvature. Nanosized membrane buds are formed which may elongate into nanotubules, or be pinched off from the membrane to become nanovesicles. Nanotubules and nanovesicles reflect the composition of the membrane and the interior of the mother cell. Nanotubules may become attached to adjacent cells while nanovesicles travel within the circulation. Thereby, these nanostructures convey matter and information to other cells and represent cell-cell communication systems. Nanovesicles have been found to transfer surface-bound ligands and receptors,[@b3-ijn-7-3579]--[@b7-ijn-7-3579] prion proteins,[@b8-ijn-7-3579]--[@b10-ijn-7-3579] genetic material including RNA,[@b11-ijn-7-3579]--[@b14-ijn-7-3579] and infectious particles[@b15-ijn-7-3579],[@b16-ijn-7-3579] between cells. It has also been suggested that in cancer they contribute to metastasis.[@b17-ijn-7-3579],[@b18-ijn-7-3579]

Information on the presence of tumors could be obtained from cell-derived nanovesicles which are expected to be found in body fluids, such as blood, synovial fluid, ascites, pleural fluid, and cerebrospinal fluid.[@b19-ijn-7-3579],[@b20-ijn-7-3579] For example, it was recently demonstrated that tumors of various origin[@b21-ijn-7-3579] and various clinical outcomes[@b22-ijn-7-3579] can be classified by their micro RNA (miRNA) profiles. miRNAs are short (about 18--25 nucleotides long) noncoding RNAs, including small interfering RNA, ribosomal RNA, transfer RNA, and small nuclear RNA.[@b23-ijn-7-3579] Over 700 miRNAs have been identified in the human genome.[@b24-ijn-7-3579] It has been suggested that an miRNA profile is associated with prognostic factors and disease progression[@b22-ijn-7-3579],[@b25-ijn-7-3579] and that mutations in miRNA genes are frequent and may have functional importance,[@b22-ijn-7-3579] by either suppressing tumors or promoting their growth and proliferation.[@b24-ijn-7-3579] miRNA profiling has already been used to determine whether patients with chronic lymphocytic leukemia have slow-growing or aggressive forms of the cancer,[@b21-ijn-7-3579] while plasma samples collected from patients with early (stage II) colorectal cancer could be distinguished from those of healthy gender-matched and age-matched volunteers.[@b26-ijn-7-3579] Compared with current methods used to diagnose most malignancies, assessment of blood is advantageous because it is much less invasive. Nanovesicles can be considered as potentially relevant biomarkers for diagnosis, prognosis, and treatment of cancer, encouraging the study of the processes of membrane budding and nanovesiculation.

In studying cancer and its underlying mechanisms, extensive work has been devoted to chemical and biochemical methods involving specific molecules, reactions, pathways, and the binding of particles. Although substantial progress has been made, an essential unifying mechanism or mechanisms have not yet been revealed. Hitherto, the contributions of physics and biophysics cannot match those of chemistry and biochemistry, although physics essentially strives to reveal the relevant general mechanisms necessary to understand and manipulate cancer. Living creatures are commonly considered to be complex systems beyond the reach of physical methods which are effective in the description of simple systems.

However, even in highly complex living creatures, some relevant issues can be highlighted to simplify the system so that methods of theoretical physics can be applied. In this work, we focus on the curvature of the membrane connected to the redistribution of constituents, a field which is subject to the methods of statistical physics and thermodynamics. Using these methods, it is demonstrated that, to understand whether the membrane is likely to produce a nanotubule or a nanovesicle, it is enough to distinguish only one property of the diverse constituents, ie, their symmetry with respect to the axis perpendicular to the membrane, which may lead to energetically favorable ordering of membrane constituents in strongly anisotropically curved membrane regions. These theoretical predictions are supported by experimental evidence from membranous nanostructures. Further, orientational ordering of particles with an internally distributed charge provides an explanation for mediated attractive interaction between membranes which could prevent the bud being pinched off from the membrane, and is the basis of a suggested antimetastatic and anticoagulant effect of body fluid constituents.

Description of the cell membrane
================================

Fluid mosaic model and its extension by function/curvature-related lateral inhomogeneities
------------------------------------------------------------------------------------------

The cell membrane is an important building element of the cell. Understanding the interdependence of processes which take place in cells seems impossible without understanding the features relevant to the cell membrane. Therefore, the cell membrane has been a subject of interest in many studies. After performing their thorough and inspired work, Singer and Nicolson in 1972 suggested a fluid mosaic model for the membrane,[@b27-ijn-7-3579] describing it in general as a lipid bilayer with embedded proteins and other large molecules. Within the physical implementation of the fluid mosaic model, the phospholipid bilayer shows the properties of a two-dimensional laterally isotropic liquid, while proteins and other large molecules are more or less free to move laterally in the membrane. Many experiments and theoretical studies performed during the last 40 years have established the fluid mosaic model as the standard model for description of the cell membrane.

After 25 years, the fluid mosaic model was upgraded by considering lateral inhomogeneities.[@b28-ijn-7-3579]--[@b30-ijn-7-3579] According to the upgraded model, the membrane is a two-dimensional liquid with embedded microdomains of specific composition, called membrane rafts. Membrane rafts are small (10--200 nm), relatively heterogeneous, dynamic structures with an increased concentration of cholesterol and sphingolipids.[@b31-ijn-7-3579],[@b32-ijn-7-3579] From a biochemical point of view, membrane rafts are structures which resist solvation by detergents at low temperatures, while from a biophysical point of view, within the raft, increased ordering takes place due to interactions between the highly saturated fatty acids of sphingolipids. Fatty acids within the rafts have limited mobility with respect to the unsaturated fatty acids in other parts of the membrane. Dynamic accumulation of specific membrane constituents in rafts regulates the spatial and temporal dependence of signalization and transport of matter, thereby forming transient but vitally important signaling platforms.[@b33-ijn-7-3579]

In membranes, there is an interdependence between structure and shape because the membrane constituents create the membrane geometry, ie, membrane curvature is determined by the shape of the membrane constituents and their interactions. The curvature of the raft is formed by accumulation of a specific type of constituent, and may be different from the curvature of the surrounding membrane. In other words, lateral sorting of membrane constituents may cause changes in local membrane curvature. Considering this interdependence, the fluid mosaic model was further modified, as described below.

Membrane as a composite two-dimensional surface
-----------------------------------------------

To make the system simple, it is considered that one of the membrane extensions (thickness) is much smaller than the other two extensions, so the membrane may be treated as a two-dimensional surface. The membrane is also viewed as being composed of a large number of particles (building units) which act one upon another.[@b35-ijn-7-3579] Taking into account the above, the membrane layer is described as a surface composed of building units (molecules, groups of molecules, membrane rafts, nanodomains), which attains a shape corresponding to the minimum of its free energy.

Cutting the surface at a chosen point by a plane through a normal to the surface defines a curve, known as the "normal cut". The curvature of the normal cut is the inverse value of the radius of the circle which fits the curve at the chosen point, *C* = 1/*R*. An infinite number of possible normal cuts can be made through the normal. The cuts with the maximal and minimal curvatures, ie, *C*~1~ = 1/*R*~1~ and *C*~2~ = 1/*R*~2~, respectively, are called the principal curvatures, while the corresponding mutually perpendicular directions of the cuts are the principal directions ([Figure 2](#f2-ijn-7-3579){ref-type="fig"}).

The diagonalized curvature tensor of the membrane surface at a given point is
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A membrane can be imagined which would completely fit the constituent at a given point, in the sense that no energy would be needed to insert the constituent into the membrane. The curvature tensor of such a membrane is the intrinsic curvature tensor
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where *C*~1,m~ and *C*~2,m~ are the intrinsic principal curvatures. Lying perpendicular to the membrane plane, the principal axes system of the membrane may be rotated with respect to the intrinsic principal axes system.

We now define the isotropic and anisotropic membrane constituents, whereby a constituent is called isotropic if *C*~1,m~ = *C*~2,m~ and anisotropic if *C*~1,m~ ≠ *C*~2,m~.

Energy of a single membrane constituent
---------------------------------------

When assembled into the membrane, the constituents cannot all resume the most energetically favorable curvature (ie, intrinsic curvature). Namely, the shape corresponds to the minimal energy of the whole membrane. Also, constraints regarding the area and volume must be taken into account. Mismatch of the intrinsic and actual curvature at the site of the constituent is a source of the single constituent energy. In other words, the constituent deforms and rotates in the membrane plane for an angle *ω* in order to constitute the membrane.

The energy of a single constituent is given in terms of the mismatch tensor [**M**]{.ul},[@b35-ijn-7-3579]
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Using ([2](#FD2){ref-type="disp-formula"}) and ([4](#FD4){ref-type="disp-formula"}),

\[

cos

ω

\-

sin

ω

sin

ω

cos

ω

\]

\[

C

1

,

m

0

0

C

2

,

m

\]

\[

cos

ω

sin

ω

\-

sin

ω

cos

ω

\]

=

\[

cos

ω

\-

sin

ω

sin

ω

cos

ω

\]

\[

C

1

,

m

cos

ω

C

1

,

m

sin

ω

\-

C

2

,

m

sin

ω

C

2

,

m

cos

ω

\]

=

\[

C

1

,

m

cos

2

ω

\+

C

2

,

m

sin

2

ω

(

C

1

,

m

\-

C

2

,

m

)

sin 

ω

cos 

ω

(

C

1

,

m

\-

C

2

,

m

)

sin 

ω

cos 

ω

C

1

,

m

sin

2

ω

\+

C

2

,

m

cos

2

ω

\]

,

so that

M

\_

=

\[

C

1

,

m

cos

2

ω

\+

C

2

,

m

sin

2

ω

\-

C

1

(

C

1

,

m

\-

C

2

,

m

)

sin 

ω

cos 

ω

(

C

1

,

m

\-

C

2

,

m

)

sin 

ω

cos 

ω

C

1

,

m

sin

2

ω

\+

C

2

,

m

cos

2

ω

\-

C

2

\]

.

The energy of the constituent is given by a phenomenological expression subject to two invariants of the mismatch tensor, [**M**]{.ul}, of the second order in curvatures. The trace and the determinant of the mismatch tensor are considered as fundamental invariants[@b35-ijn-7-3579]
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where *K* and [**K**]{.ul} are constants.

It follows from expression ([6](#FD6){ref-type="disp-formula"}) that
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Taking into account the relationship between the trigonometric functions sin^2^*ω* = 1/2\[1 − cos(2*ω*)\] and cos^2^*ω* = 1/2\[1 + cos(2*ω*)\], after some rearranging, we obtain
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where we have introduced the mean curvature of the membrane *H*

H

=

1

2

(

C

1

\+

C

2

)

and

C

\^

=

1

2

(

C

1

\-

C

2

)

.

The corresponding intrinsic quantities are
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A membrane constituent is characterized by *H*~m~ and *Ĉ*~m~. For isotropic constituents *Ĉ*~m~ = 0.

The trace of the mismatch tensor ([9](#FD9){ref-type="disp-formula"}) can be expressed by the invariants (traces) of the curvature tensors [**C**]{.ul} and [**C**]{.ul}~m~. Further, it follows from [Equations (11)](#FD11){ref-type="disp-formula"} and [(12)](#FD12){ref-type="disp-formula"} that
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so that the determinant of the mismatch tensor can also be expressed by invariants of the curvature tensors \[(*H*, *Ĉ*) and (*H*~m~, *Ĉ*~m~), respectively\],
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Inserting the expressions ([9](#FD9){ref-type="disp-formula"}) and ([16](#FD16){ref-type="disp-formula"}) into [Equation (7)](#FD7){ref-type="disp-formula"} yields the expression for the single constituent
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or conveniently[@b35-ijn-7-3579]
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It can be seen from [Equation (18)](#FD18){ref-type="disp-formula"} that the energy *E* depends on the angle ω multiplied by the difference between the two intrinsic curvatures (*Ĉ*~m~). This means that for anisotropic building units, the orientation with respect to the coordinate system is important.

Local thermodynamic equilibrium of membrane monolayer
-----------------------------------------------------

To ensure uniformity of the curvature field within the system which is being described by ensemble statistics, the monolayer area is imagined to be divided into small patches containing a large number of constituents. Let there be *P* kinds of membrane constituents in a chosen patch. All constituents of the *i*-th type are taken to be equal and independent. The lattice statistics approach is used, analogous to the problem of noninteracting magnetic dipoles in a magnetic field.[@b36-ijn-7-3579] Here, the curvature field takes the role of the magnetic field.

Considering a subset of constituents of the *i*-th type (*i* = 1,2, \..., *P*) it follows from ([18](#FD18){ref-type="disp-formula"}) that the single-constituent energy attains a minimum when cos(2*ω~i~*) = 1, while the single-constituent energy attains a maximum when cos(2*ω~i~*) = −1. In the first case, the single-constituent energy is

E

i

,

min

=

ξ

i

2

(

H

\-

H

i

,

m

)

2

\+

(

ξ

i

\+

ξ

i

\*

)

4

(

D

2

\+

D

i

,

m

2

)

\-

ξ

i

\+

ξ

i

\*

2

D

D

i

,

m

,

whereas in the second case the single-constituent energy is
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are the curvature deviator and the intrinsic curvature deviator, respectively. The states with *ω~i~* = 0, π and with *ω~i~* = π/2, 3π/2, respectively, are degenerate. We say that the ordering is quadrupolar.

We assume a simple model where we have *M~i~* equivalent constituents in a patch. Each constituent is in one of the two possible states, ie, *E~i~*~,\ min~ and *E~i~*~,\ max~, respectively ([Equations (21)](#FD21){ref-type="disp-formula"} and [(22)](#FD22){ref-type="disp-formula"}, so that *N~i~* constituents are in the state with the higher energy *E~i~*~,\ max~ while (*M~i~* − *N~i~*) constituents are in the state with the lower energy, *E~i~*~,\ min~.

The partition function of a constituent of the *i*-th type in the lower energy state is[@b36-ijn-7-3579]
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while the partition function of a constituent of the *i*-th type in the higher energy state is

q

i

,

max

=

q

i

0

exp

(

\-

ξ

i

\+

ξ

i

\*

2

k

T

D

D

i

,

m

)

,

where

q

i

0

=

exp

(

\-

ξ

i

2

k

T

(

H

\-

H

i

,

m

)

2

\-

(

ξ

i

\+

ξ

i

\*

)

4

k

T

(

D

2

\+

D

i

,

m

2

)

)

,

and *k* is the Boltzmann constant.

Constituents in the same energy state are treated as indistinguishable. For *N~i~* constituents of the *i*-th type in the state with higher (maximal) energy and (*M~i~* −*N~i~*) constituents in the state with lower (minimal) energy, the number of possible arrangements is *M~i~*!/*N~i~*!(*M~i~* − *N~i~*)!. To calculate the partition function, we must consider that *N~i~* can be any number from 0 to *M~i~*; *N~i~* = 0 means that all the constituents are in the state with the lower energy, *N~i~* = 1 means that one constituent is in the state with the higher energy, while *M~i~* − 1 constituents are in the state with the lower energy, ...

The canonical partition function *Q~i~*(*M~i~*, *T,* [**C**]{.ul}) of *M~i~* constituents in the membrane patch is
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Considering [Equations (25)](#FD25){ref-type="disp-formula"} and [(26)](#FD26){ref-type="disp-formula"},
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Using the binomial formula
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We call the quantity *d~i~* ~eff~, the effective curvature deviator. After some rearranging, we obtain the canonical partition function of the constituents of the *i*-th type
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Local ordering of constituents
------------------------------

The average number of constituents in each of the energy states representing the local ordering of the constituents is obtained using the local canonical partition function of the constituents of the *i*-th type, *Q~i~*. The average number of constituents with higher energy (*E~i,~*~max~) is
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while the average number of constituents with lower energy (*E~i~*~,min~) is
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An alternative definition can be used,
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It follows from [Equations (35)](#FD35){ref-type="disp-formula"} and [(36)](#FD36){ref-type="disp-formula"} that
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It can be seen from [Equations (37)](#FD37){ref-type="disp-formula"} and [(38)](#FD38){ref-type="disp-formula"} that at *d~i,~*~eff~ = 0, ie, when the principal curvatures are equal, both energy states are equally occupied (〈*N~i~*〉*/M~i~* = 〈*M~i~* − *N~i~* 〉/*M~i~* = 1/2). The fraction of the number of constituents in the lower energy state increases with increasing *d~i,~*~eff~ to 1, while the fraction of constituents in the higher energy state decreases to 0.

Global equilibrium of a multicomponent membrane
-----------------------------------------------

Taking into account that there are *P* types of constituents which can be treated as independent, the partition function of the membrane patch is
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and *Q~i~* is given by [Equation (32)](#FD32){ref-type="disp-formula"}. The free energy of the patch is
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Taking into account [Equations (32)](#FD32){ref-type="disp-formula"} and [(41)](#FD41){ref-type="disp-formula"} yields
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To calculate the free energy of the whole monolayer, the contributions of all the patches are integrated,
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The integration is performed over the monolayer area *A*. In the equilibrium state the free energy attains its minimum
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The total number of constituents of each kind in the monolayer (*M~i,~*~T~, *i* = 1, 2, \..., *P*) is kept constant at minimization,
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while a local constraint is applied by requiring that all sites in the patch are occupied
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To perform the variation, a functional is constructed
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where *λ* is a local Lagrange multiplier and *λ~i~*, *i* = 1, 2, \..., *P* are global Lagrange multipliers. It is assumed that the average density of the constituents is uniform over the monolayer so that
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where *M*~T~ is the total number of sites in the monolayer. The variational problem is expressed by the Euler-Lagrange equations
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It follows from [Equations (48)](#FD48){ref-type="disp-formula"} and [(50)](#FD50){ref-type="disp-formula"} that
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while expression ([48](#FD48){ref-type="disp-formula"}) and the Euler-Lagrange [equation (51)](#FD51){ref-type="disp-formula"} yield the condition ([47](#FD47){ref-type="disp-formula"}).

To determine the parameter *λ*, [Equation (52)](#FD52){ref-type="disp-formula"} is inserted into [Equation (47)](#FD47){ref-type="disp-formula"}. The parameter *λ* is included in all terms of the sum and is independent of *i*, so it can be expressed as
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Using [Equations (52)](#FD52){ref-type="disp-formula"} and [(53)](#FD53){ref-type="disp-formula"} gives

m

i

m

=

2

q

i

0

cosh

(

d

i

,

eff

2

)

exp

(

\-

λ

i

k

T

\-

1

)

∑

i

2

q

i

0

cosh

(

d

i

,

eff

2

)

exp

(

\-

λ

i

k

T

\-

1

)

.

The global Lagrange multipliers *λ~i~* are determined by fulfilling conditions ([46](#FD46){ref-type="disp-formula"}),
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Expression ([54](#FD54){ref-type="disp-formula"}) represents the probability of finding a constituent in the state with a given curvature-dependent energy. Because the background is consistent with Boltzmann statistics (explicitly independent and indistinguishable constituents), expression ([54](#FD54){ref-type="disp-formula"}) can be described as a modified Boltzmann distribution. The explicit independence of constituents in the derivation of the local thermodynamic equilibrium is complemented by introducing the excluded volume effect \[the condition ([47](#FD47){ref-type="disp-formula"})\] which is reflected in the denominator of [Equation (54)](#FD54){ref-type="disp-formula"}.

The equilibrium free energy is obtained by inserting distribution ([54](#FD54){ref-type="disp-formula"}) into expression ([43](#FD43){ref-type="disp-formula"}). After some rearranging, we obtain
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One-component membrane. Comparison with Helfrich bending energy
---------------------------------------------------------------

If the monolayer is composed of equal constituents which occupy all sites in the lattice, it follows that
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Taking into account the definition of *q*^0^ ([27](#FD27){ref-type="disp-formula"}) and the above equation gives
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The free energy of the bilayer is obtained by summing the contributions of both layers. It is taken into account that the principal curvatures in the inner layer are opposite in sign to the principal curvatures of the outer layer
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The area densities of the constituents *m* are taken to be equal and constant over both layers. The outer and inner membrane areas are regarded as equal in integration. The contributions to the free energy which turn out to be constant are omitted. We obtain
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Using relationship ([15](#FD15){ref-type="disp-formula"})
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[Equation (60)](#FD60){ref-type="disp-formula"} gives[@b37-ijn-7-3579],[@b38-ijn-7-3579]
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We compared the expression for free energy of the one-component membrane ([62](#FD62){ref-type="disp-formula"}) with the acknowledged Helfrich local bending energy of a thin, laterally isotropic surface,[@b39-ijn-7-3579],[@b40-ijn-7-3579]
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where *k*~c~ and *k*~G~ are the membrane local and Gaussian bending constants, respectively. Expression ([62](#FD62){ref-type="disp-formula"}) obtained by statistical mechanics recovers the Helfrich isotropic bending energy ([63](#FD63){ref-type="disp-formula"}) if
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and if the constituents are isotropic (*D*~m~ = 0).

Expression ([62](#FD62){ref-type="disp-formula"}) is more general because it takes into account the possibility of in-plane orientational ordering of the constituents. The new term deriving from orientational ordering of the constituents \[the third term in [Equation (62)](#FD62){ref-type="disp-formula"}\] is called the deviatoric elastic energy of the membrane, and is always negative. In other words, orientational ordering of the anisotropic constituents on the anisotropically curved membrane regions diminishes the free energy of the membrane, and therefore stabilizes shapes with anisotropically curved membrane regions. The orientational ordering of the constituents provides an additional degree of freedom which also proves relevant in other systems (eg, the electric double layer).[@b41-ijn-7-3579]--[@b43-ijn-7-3579]

For isotropic constituents, the membrane free energy can be equivalently expressed by either set of invariants of the curvature tensor [**C**]{.ul}, ie, the trace and the determinant of the curvature tensor or the trace and the deviator of the curvature tensor. However, for anisotropic constituents, the orientational ordering of constituents can be described by the trace and the deviator of the curvature tensor and not by the trace and the determinant of the curvature tensor. Both cases can be described by the trace and the determinant of the mismatch tensor, [**M**]{.ul}.

The variational problem for the one-component membrane considering orientational ordering of the constituents was expressed by a system of Euler equations and solved by numerical methods.[@b38-ijn-7-3579] It has been shown that the energies of the equilibrium shapes were considerably affected by ordering of the constituents in strongly anisotropically curved regions, but the shapes were only slightly different from shapes calculated by minimization of the isotropic bending energy. For convenience, the shapes calculated by minimization of membrane isotropic bending can therefore also be used when calculating energies taking into account the deviatoric terms. Good agreement between the predicted and observed structures[@b44-ijn-7-3579] demonstrates that the statistical mechanical description of the membrane is relevant and useful.

Equilibrium configuration of the two-component membrane
-------------------------------------------------------

To illustrate the interdependence between equilibrium composition and shape of the membrane, we consider a two-component membrane. Two types of membrane constituents (first and second) are distinguished. The local constraint ([47](#FD47){ref-type="disp-formula"}) is omitted and the concentration of the second type of constituents is expressed using the local conservation equation:
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so the functional can be expressed by the concentration, *m*~1~
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The Euler-Lagrange equation subject to m~1~ gives the local fraction of constituents of the first type,
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Considering ([66](#FD66){ref-type="disp-formula"}), we also obtain the local concentration of constituents of the second type,

m

2

m

=

1

1

\+

2

q

1

0

cosh

(

d

1

,

eff

/

2

)

2

q

2

0

cosh

(

d

2

,

eff

/

2

)

exp

(

\-

λ

1

/

k

T

)

.

Further, it is assumed that the concentration of constituents of the first type is much smaller than the concentration of constituents of the second type,
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Taking into account the approximation for small *x*, ln(1 + *x*) ≅ *x* and the definitions for q*~i~*^0^ ([Equation (27)](#FD27){ref-type="disp-formula"} and *d~i,~*~eff~ ([Equation (31)](#FD31){ref-type="disp-formula"}) yields, for the monolayer,
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The first two terms of [Equation (73)](#FD73){ref-type="disp-formula"} recover the elastic energy of the membrane composed of constituents of the second (abundant) type, while the third term describes the nonlocal effect caused by distribution and orientational ordering of constituents of the first (scarce) type.

To obtain the free energy of the bilayer membrane, the two monolayer contributions are summed. It is taken into account that the curvature tensor has different signs in the opposing monolayers ([Equation (59)](#FD59){ref-type="disp-formula"}). Omitting the constant terms gives
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The self-consistent solution of the variational problem based on a functional including the system free energy and relevant local and global constraints, yields equilibrium lateral and orientational distribution functions and the equilibrium free energy, all of which derive from the same principle of single-constituent energy.[@b38-ijn-7-3579]

In solving the variational problem,[@b38-ijn-7-3579] dimensionless quantities are used, ie, *h* = *HR*~s~, *d* = *DR*~s~, *h*~m~ = *H*~m~*R*~s~, and *d*~m~ = *D*~m~*R*~s~, where $R_{s} = \sqrt{A/4\pi}$. The equilibrium free energy of the nanovesicle membrane bilayer enclosing dimensionless volume *V* = (36*πV*^2^/*A*^3^)^1/2^*,* where *V* is the enclosed volume, as a function of the average mean curvature of the membrane 〈*h*〉 = ∫ *h*d*A*/4*πR~s~*^2^ is shown in [Figure 3](#f3-ijn-7-3579){ref-type="fig"}. Three interaction constants (*ξ*~1~/*kTR*~s~^2^) were considered. It can be seen that the energy increases with increasing 〈*h*〉 due to an increase in the isotropic bending energy. With increasing 〈*h*〉, the shape of the nanovesicle becomes undulated and the necks become narrow. Anisotropy of the curvature becomes high in the necks so the constituents undergo ordering. Redistribution and orientational ordering of the constituents diminish the free energy. For high enough interaction constants (*ξ*~1~/*kTR*~s~^2^), the free energy reaches a maximum and then decreases. In such cases, the energy dependence exhibits two local minima corresponding to the limit shapes (cylinders and spheres, respectively).

The shape corresponding to the minimum of the average mean curvature within the given class of shapes is composed of a cylinder with hemispherical caps, and the shape corresponding to the maximum of the average mean curvature is composed of quasispherical units connected by very thin necks. For the chosen parameters, the tubular limit shape corresponds to the minimum of the global energy ([Figure 3](#f3-ijn-7-3579){ref-type="fig"}).

[Figure 4](#f4-ijn-7-3579){ref-type="fig"} shows the mean curvature and the curvature deviator of the nanovesicle as a function of the coordinate along the long axis (A--*C*), ie, the average orientation of the anisotropic constituents 〈*o*〉 = 1/\[1 + exp(−*d*~1,eff~)\] which we describe as the average local number of constituents with the lowest energy of type 1 (scarce type) for the three interaction constants (*ξ*~1~/*kTR*~s~^2^) considered in [Figure 3](#f3-ijn-7-3579){ref-type="fig"}, (D--F, J--L, P--R), the equilibrium distribution of constituents of type 1 in both membrane layers (G--I, M--O, S--U) and the respective shapes (V--X), which are also considered in [Figure 3](#f3-ijn-7-3579){ref-type="fig"}. If the interaction constant (*ξ*~1~/*kTR*~s~^2^) is small, the constituents are uniformly distributed over both membrane layers in all shapes (S--U). There is almost no ordering of the constituents in the tubular shape (P), while weak ordering takes place in the necks (Q, R). For higher values of the interaction constant, deviations of the distributions from uniformity are small in the tubular shape (M) while they are strong in the necks (N, O), the effect being stronger if the necks are thinner. Type 1 molecules are depleted from the necks, but the ones that remain undergo substantial ordering (L, F). The values of the curvature deviator in the narrow necks may be rather high (up to 40 in panel C). Because the value of the normalized intrinsic deviator was taken as 2, constituents do not favor the necks. [Figure 4](#f4-ijn-7-3579){ref-type="fig"} provides clarification of the free energy dependence depicted in [Figure 3](#f3-ijn-7-3579){ref-type="fig"}.

It can be seen in [Figures 3](#f3-ijn-7-3579){ref-type="fig"} and [4](#f4-ijn-7-3579){ref-type="fig"} that the nanotubule corresponds to the global minimum of free energy, so it could be considered as energetically the most favorable and therefore the most probable. However, if there is a process in the system that increases the average mean curvature of the membrane (such as integration of molecules into the outer membrane layer), the system may be driven towards the shape composed of spherical units.

Deviatoric elasticity may stabilize anisotropic nanostructures
==============================================================

Quadrupolar ordering of phospholipid molecules in a deviatoric field has been used to describe the stability of shapes with strongly anisotropically curved structures, such as nanotubular protrusions,[@b37-ijn-7-3579] tubular and spherical nanovesicles of the erythrocyte membrane,[@b45-ijn-7-3579] torocyte endovesicles,[@b46-ijn-7-3579] narrow necks of one-component phospholipid vesicles,[@b38-ijn-7-3579] two-component vesicles,[@b34-ijn-7-3579],[@b47-ijn-7-3579] peptidergic vesicles,[@b48-ijn-7-3579] nanotubules in astrocytes[@b49-ijn-7-3579] and urothelial cancer cells,[@b50-ijn-7-3579]--[@b52-ijn-7-3579] flattened structures in Golgi bodies,[@b53-ijn-7-3579] inverse hexagonal lipid phases,[@b54-ijn-7-3579] and membrane pores.[@b55-ijn-7-3579],[@b56-ijn-7-3579] While it was previously acknowledged that membrane composition and shape are interdependent,[@b34-ijn-7-3579],[@b57-ijn-7-3579]--[@b59-ijn-7-3579] the orientational ordering model provides a unified explanation of the above feature, and has been reviewed extensively elsewhere.[@b37-ijn-7-3579],[@b45-ijn-7-3579],[@b60-ijn-7-3579],[@b61-ijn-7-3579]

[Figure 5](#f5-ijn-7-3579){ref-type="fig"} presents some of these nanostructures, with buds and nanovesicles of the erythrocyte membrane and nanotubules observed in urothelial cancer cells. Dilatations of the nanotubules are often present. These dilatations travel along the tube and discharge material when they reach the cell surface, so are called gondolae. Transport by gondolae is also observed in phospholipid vesicles.[@b62-ijn-7-3579]

The proposed description is based on two invariants of the curvature tensor, ie, the trace (mean curvature) and the deviator. It seems natural that the average values of these two invariants would span a phase diagram of possible shapes
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The third parameter which determines the shape is the relative volume, *v*. Therefore it is convenient to present the set of equilibrium shapes within the (*v*, 〈*h*〉, 〈*d*〉) coordinate system. [Figure 6](#f6-ijn-7-3579){ref-type="fig"} shows a (*v*, 〈*h*〉, 〈*d*〉) phase diagram, with selected curves representing limit shapes composed of spheres, tubes, and tori. The predicted shapes are indeed observed in blood isolates ([Figure 6](#f6-ijn-7-3579){ref-type="fig"}).

Clinical relevance of cell nanovesicles
=======================================

It was reported early on that "platelet dust" existed in plasma.[@b65-ijn-7-3579] It was also observed that nanosized particles called microvesicles are shed from the membranes of erythrocytes during storage[@b66-ijn-7-3579]--[@b68-ijn-7-3579] and from membranes of other cells, including cancer cells.[@b69-ijn-7-3579]--[@b72-ijn-7-3579] These nanoparticles were connected to coagulopathies secondary to cancer.[@b73-ijn-7-3579]--[@b76-ijn-7-3579] It has been suggested that they may play a role in the coagulation process inside blood vessels.[@b77-ijn-7-3579]

Membrane asymmetry in nanovesicles is corrupted so that negatively charged phospholipid phosphatidylserine appears in the outer membrane layer, a process which is necessary to trigger formation of a blood clot. Further, the membrane of platelet-derived nanovesicles contains tissue factor, an integral membrane protein present in endothelial cells, platelets, and leukocytes. Tissue factor is the primary cellular initiator of the coagulation protease cascade, which leads to fibrin deposition and activation of platelets. Thus, the nanovesicle membranes contribute considerably to the catalytic surface needed for formation of blood clots. Aberrant tissue factor expression within the vasculature initiates life-threatening thrombosis in a number of diseases, including cancer. Also, recent studies have revealed a nonhemostatic role of tissue factor in the generation of coagulation proteases and subsequent activation of receptors on vascular cells, and this tissue factor-dependent signaling contributes to a variety of biological processes, including metastasis.[@b78-ijn-7-3579]--[@b80-ijn-7-3579] Nanovesicles that are pinched off from cells interact with other cells[@b81-ijn-7-3579],[@b82-ijn-7-3579] and thereby mediate interactions between platelets, endothelial cells, and tumor cells which can be expressed by thromboembolism in cancer.[@b83-ijn-7-3579],[@b84-ijn-7-3579] Further, nanovesicles were shown to stimulate proliferation of cancer cells, mRNA expression for angiogenic factors, as well as adhesion to fibrinogen and endothelial cells[@b85-ijn-7-3579] and downregulation of antitumoral immune responses in the host.[@b86-ijn-7-3579]

Clinical studies have shown that the concentration of nanovesicles isolated from blood in patients with a range of diseases is changed with respect to healthy subjects. For example, the concentration of nanovesicles was found to be increased in patients with lung cancer,[@b74-ijn-7-3579] dermatofibroma,[@b87-ijn-7-3579] dermatofibrosarcoma protuberans,[@b87-ijn-7-3579] carcinoma of the oral cavity,[@b88-ijn-7-3579] ovarian cancer,[@b89-ijn-7-3579] and gastrointestinal cancer.[@b90-ijn-7-3579],[@b91-ijn-7-3579] It was recently suggested that the material isolated from blood contains both nanovesicles and residual cells, and that residual cells, mostly platelets, are the origin of the nanovesicles found in isolates as an artifact of the isolation procedure.[@b64-ijn-7-3579] However, clinical studies show differences between concentrations of nanovesicles isolated from the blood of patients with cancer and from that from healthy subjects, suggesting that the properties of blood cells and plasma which determine the state of the isolate in cancer patients and in healthy subjects differ from each other.[@b64-ijn-7-3579]

Given that nanovesicles are considered to be procoagulant and prometastatic, it could be beneficial to develop methods for suppression of nanovesiculation. To obtain an insight into the processes taking place during budding and pinching off from cells, studies were undertaken of giant phospholipid vesicles which are large enough to be observed directly by phase-contrast microscopy. [Figure 7](#f7-ijn-7-3579){ref-type="fig"} illustrates the effect of the composition of the surrounding solution on budding of the giant phospholipid vesicle membrane. Budding was induced by raising the temperature of the sample. [@b92-ijn-7-3579] When the tube was of sufficient length ([Figure 7A](#f7-ijn-7-3579){ref-type="fig"}), heating was discontinued and phosphate-buffered saline was added to the sample. The protrusion underwent beading ([Figure 7B, C](#f7-ijn-7-3579){ref-type="fig"}), substantial movement, followed by its detachment from the mother vesicle ([Figure 7D](#f7-ijn-7-3579){ref-type="fig"}), and finally decomposition into spherical vesicles ([Figure 7E](#f7-ijn-7-3579){ref-type="fig"}), which migrated away from the mother vesicle ([Figure 7F](#f7-ijn-7-3579){ref-type="fig"}). However, if molecules which mediate the attractive interaction between membranes (specific proteins) were present in the solution, the bud ([Figures 7G and H](#f7-ijn-7-3579){ref-type="fig"}) was attracted back to the mother membrane ([Figure 7I](#f7-ijn-7-3579){ref-type="fig"}) and remained bound to the surface of the mother vesicle ([Figure 7J--L](#f7-ijn-7-3579){ref-type="fig"}).

Observing this process inspired the hypothesis that molecules which mediate attractive interaction between membranes are both anticoagulant and antimetastatic.[@b44-ijn-7-3579],[@b92-ijn-7-3579],[@b93-ijn-7-3579] Blood plasma mediates this attractive interaction,[@b94-ijn-7-3579] indicating that molecules with the required properties are present in blood. Heparin (a common choice of anticoagulant prophylaxis and treatment) induces adhesion between phospholipid vesicles.[@b44-ijn-7-3579],[@b93-ijn-7-3579],[@b94-ijn-7-3579] Heparin is known to have an antimetastatic effect in some types of cancer,[@b95-ijn-7-3579] which supports the hypothesis of the anticoagulant and antimetastatic effect of plasma constituents based on suppression of nanovesiculation.[@b44-ijn-7-3579]

Conclusion
==========

It is now acknowledged that cell-cell communication may take place via nanotubules[@b96-ijn-7-3579]--[@b98-ijn-7-3579] and nanovesicles,[@b99-ijn-7-3579] and that these processes are important in cancer.[@b100-ijn-7-3579] In order to manipulate membranous nanostructures, they should be better understood. Membrane properties that are the key to formation of tubules and vesicles can be subjected to the methods of theoretical physics.[@b39-ijn-7-3579],[@b40-ijn-7-3579],[@b101-ijn-7-3579]

In addition to considering membrane nanodomains (rafts) as an acknowledged extension of the fluid mosaic model of the membrane,[@b102-ijn-7-3579] another major mechanism should also be acknowledged, ie, orientational ordering of membrane constituents on strongly anisotropically curved membrane regions. This mechanism provides an explanation for the stability of different types of membranous nanostructures, including nanotubules and nanovesicles, which are important in cell-cell communication and involved in cancer progression. This approach has led to prediction of transport by membranous nanotubules[@b62-ijn-7-3579] which was then found experimentally in cells.[@b96-ijn-7-3579] Also, the orientational ordering of mediating molecules is the basis of short-ranged attractive interactions involving membrane surface(s).[@b103-ijn-7-3579]

It has been shown experimentally that there are some common properties in most biological membranes. Budding and vesiculation takes place in erythrocytes which lack a nucleus and cytoskeleton, and in cells with a nucleus and cytoskeleton. Moreover, these features can also be observed in artificial membranes composed of pure or mixed lipids, demonstrating that the phospholipid bilayer is indeed the backbone of the biological membrane. It is an essential feature of membranes that they create their own geometry, and furthermore, this geometry is the relevant field which determines their energy. The theoretical description of the system is based on the notion that the system seeks the state of lowest energy consistent with one of the most basic laws of nature, ie, it will attain the state that is the most probable.

This work focuses on a particular mechanism involved in metastasis (ie, cell-to-cell communication by nanovesicles), which does not exclude other mechanisms that were suggested previously (eg, crawling over a surface, phagocytosis, extension of pseudopodia). The experimental evidence indicates that nanovesiculation takes place in vitro and in vivo, but it is not yet certain to what extent it increases the probability of cancer spreading in vivo. It can be concluded that the stability of membranous nanostructures is a possible key mechanism of cancer progression.
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![A schematic representation of three models of the membrane, ie, the fluid mosaic model,[@b27-ijn-7-3579] the membrane raft model,[@b28-ijn-7-3579]--[@b30-ijn-7-3579] and the curvature-mediated lateral and orientational sorting model.[@b34-ijn-7-3579],[@b35-ijn-7-3579]\
**Note:** Violet color indicates orientational ordering of lipid molecules in the tubular portion.](ijn-7-3579f1){#f1-ijn-7-3579}

![Curvature of the surface.](ijn-7-3579f2){#f2-ijn-7-3579}

![Free energy of a two-component nanovesicle as a function of the average mean curvature of the membrane for three interaction constants, *ξ*~1~/2*kTR*~s~^2^ (**A**) 0.001, (**B**) 0.020, and (**C**) 0.040. It was taken that *ξ*~1~ = *ξ*~1~^\*^ and *ξ*~2~ = *ξ*~2~^\*^.\
**Notes:** The values of other model parameters were *ξ*~1~/2*kTR*~s~^2^ = 0.001, *h*^1^~,m~ = 2, *d*~1,m~ = 2, *h*~2,m~ = 0, *d*~2,m~ = 0, *M*~1,T~ = 0.1 *M*~T~, *v* = 0.5. Five characteristic equilibrium shapes obtained by solving the system of Euler-Lagrange equations subject to isotropic bending energy are also depicted at the corresponding 〈*h*〉 values.](ijn-7-3579f3){#f3-ijn-7-3579}

![Calculated equilibrium configuration of three characteristic shapes of a two-component nanovesicle. It was taken that *ξ*~1~ = *ξ*~1~^\*^ and *ξ*~2~ = *ξ*~2~^\*^,*ξ*~2~/2*kTR*~s~^2^ = 0.001, *h*~1,m~ = 2, *d*~1,m~ = 2, *h*~2,m~ = 0, *d*~2,m~ = 0, *M*~1,T~ = 0.1 *M*~T~, *v* = 0.5. (**D**--**I**)*ξ*~1~/2*kTR*~s~^2^ = 0.04, (**J**--**O**) *ξ*~1~/2*kTR*~s~^2^ = 0.02, (**P**--**U**)*ξ*~1~/2*kTR* ~s~^2^ = 0.001. (**V**--**X**) the characteristic shapes and (**A**--**C**) the respective invariants of the curvature tensor.](ijn-7-3579f4){#f4-ijn-7-3579}

![Nanobuds and nanovesicles of the erythrocyte membrane and nanotubules connecting T24 cancer cells. In erythrocytes, budding and vesiculation was induced by adding a detergent. The type of detergent determines the character of the nanobuds and nanovesicles. (**A**) Scanning electron micrograph of echinocyte budding induced by dodecylmaltoside, (**B**) transmission electron micrograph of isolated tubular nanovesicles induced by dodecylmaltoside, (**C**) scanning electron micrograph of the budding erythrocyte membrane, (**D**) scanning electron micrograph of echinocyte budding induced by dodecylzwittergent, (**E**) transmission electron micrograph of isolated spherical nanovesicles, (**F**) scanning electron micrograph of isolated spherical nanovesicles, (**G**) nanotubules with dilatations connecting urothelial cancer cells. (**A**, **B**, **D**, **E**, and **G**) reproduced with permission of Schara et al[@b63-ijn-7-3579] and (**C** and **F**) reproduced from Sustar et al.[@b64-ijn-7-3579]](ijn-7-3579f5){#f5-ijn-7-3579}

![A (*v*, 〈*h*〉, 〈*d*〉) phase diagram with curves representing limit shapes (spheres, tubes, and tori) and characteristic shapes of microvesicles found in blood isolates (a sphere, a tube and a torus).](ijn-7-3579f6){#f6-ijn-7-3579}

![(**A**--**F**) Vesiculation of a giant phospholipid vesicle. After addition of phosphate-buffered saline to a suspension of vesicles, the tubular bud (**A**) exhibited undulations (**B** and **C**), detached itself from the mother vesicle (**D**), and decomposed into separate spherical vesicles (**E**), which were free to migrate away from the mother vesicle (**F**). (**G**--**L**) show suppression of vesiculation. When molecules which mediate attractive interaction between membranes (proteins dissolved in phosphate-buffered saline) were present in the solution, the bud (**G** and **H**) was attracted back to the mother membrane (**I**) where it remained bound to the surface of the mother vesicle (**J**--**L**). (**M**) Bead-like structures forming a long bud adhered to each other due to the mediating effect of added proteins dissolved in phosphate-buffered saline.\
**Notes:** Bars represent 10 μm.\
Reprinted from Urbanija et al[@b92-ijn-7-3579] with the permission of Elsevier.](ijn-7-3579f7){#f7-ijn-7-3579}
